In mammalian genomes, cytosine base modifications provide an epigenetic layer of information that can influence development, differentiation, and pluripotency. While 5-methylcytosine (mC) was long considered the predominant modification,^[@ref1],[@ref2]^ the discovery of Tet family enzymes opened a new and expanded view of the epigenome.^[@ref3]^ Tet enzymes are α-ketoglutarate-, Fe^2+^-dependent dioxygenases that can act on mC to generate 5-hydroxymethylcytosine (hmC) in genomic DNA ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), a modification readily detected in many cell types.^[@ref4]^ Further, although hmC predominates, Tet enzymes can also catalyze stepwise oxidation of hmC to 5-formylcytosine (fC), and fC to 5-carboxylcytosine (caC), for a total of three oxidized mC (ox-mC) derivatives.^[@ref5]−[@ref7]^

![Tet enzymes act stepwise on mC to generate the extended epigenome. The oxidized mC bases---hmC, fC, and caC---could each play independent roles in epigenetic regulation. Only fC and caC are substrates for active DNA demethylation via base excision repair.](ja-2015-10554j_0001){#fig1}

Now viewed as part of the extended epigenome, ox-mC bases appear to have distinct functions. Like mC, they could impact gene expression: ox-mCs interact with different sets of proteins, including transcription factors and RNA polymerase.^[@ref8],[@ref9]^ They also have distinct genomic profiles, which can persist stably over time and differ by cell type.^[@ref10]−[@ref15]^ Additionally, ox-mCs can play different roles in the dynamic process of DNA demethylation. While all the ox-mCs may facilitate passive, replication-dependent demethylation, fC and caC, but not hmC, are specifically implicated in some proposed pathways for active demethylation, such as base excision repair mediated by thymine DNA glycosylase.^[@ref4],[@ref6],[@ref16]^

In light of ox-mC modifications, CpGs can be considered complex units of epigenetic information, in which either DNA strand can contain unmodified cytosine or one of its four derivatives. A major question is how these marks are established and maintained. For the methylation code, this task is attributed to the coordinated action of DNA methyltransferases (DNMTs).^[@ref17],[@ref18]^*De novo* DNMTs largely establish methylation patterns, showing similar preference for both unmodified (C/C) and hemi-methylated (mC/C) CpGs. In contrast, maintenance DNMTs show a strong preference for hemi-methylated CpGs and thereby function to maintain the CpG methylation code after genomic replication.

In contrast to methylation, the mechanisms involved in the generation and maintenance of specific ox-mCs remain unknown. These questions present a particular challenge since Tet enzymes catalyze not one but three reactions at CpGs. While it is now established that mC can be oxidized in a stepwise manner, it remains unknown if these events require multiple encounters between the enzyme and DNA (sequential model) or if caC can be generated in a single encounter with mC-containing DNA (iterative model). This issue is critical to resolve, as the prevalence of mC over hmC raises the question of how highly oxidized bases could be established at a given CpG.^[@ref11],[@ref12],[@ref19]^ Similarly unexplored is the question of whether ox-mC marks, once established on one strand, can influence the activity of TET on the opposite CpG. This is important because propagation of epigenetic identity depends on maintenance, and it is unknown whether, akin to DNMTs, TET enzymes can maintain ox-mC marks across cellular generations.

Here, we focused on understanding how ox-mCs are established and maintained by Tet2. Sequential versus iterative and maintenance versus *de novo* models for Tet activity have not yet been resolved in part because prior assays have involved significant substrate depletion and were not designed to report on strand-specific modifications.^[@ref3],[@ref5],[@ref6],[@ref20]^ To overcome these limitations, we devised highly sensitive, strand-specific, isotopologue-based assays.

Starting from a 27-nt oligonucleotide containing a central CpG moiety, we enzymatically introduced a single isotopically modified methyl group on the substrate ([Supporting Information, Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b10554/suppl_file/ja5b10554_si_001.pdf)). Initially, a \[^14^C\]-mCpG-containing strand was hybridized to a complementary strand containing an unmodified CpG. After reacting this duplex with mouse Tet2 catalytic domain (mTet2-CD, hereafter referred to as Tet2; [Figure S3A](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b10554/suppl_file/ja5b10554_si_001.pdf)), the DNA was enzymatically digested to component nucleosides. The nucleoside mixture was subjected to HPLC fractionation and liquid scintillation counting (LSC) to track the kinetics and distribution of \[^14^C\]-mC oxidation with high sensitivity ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). To describe the enzymatic total specific activity (TSA), we accounted for stepwise oxidation. As each detected fC product requires an undetected intermediate hmC, and caC requires intermediate hmC and fC, the observed specific activity (SA) values for fC and caC generation were multiplied to calculate TSA ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}).

We determined optimized enzyme conditions ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b10554/suppl_file/ja5b10554_si_001.pdf)) and in an initial assay observed a TSA of 1.3 nmol·min^--1^·mg^--1^ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B), which puts an approximate lower limit for turnover at 0.13 min^--1^. Notably, we detected minimal loss in activity over 20 min, in contrast to prior reports of time-dependent loss of activity.^[@ref5],[@ref20]^ The sensitivity achieved by our assays also revealed two additional relevant features. First, even at the earliest time points with \<1% product formation, we can readily detect the formation of caC. Second, the distribution of the products between hmC, fC, and caC were virtually unchanged at early versus late time points. These factors suggest a proficiency for Tet2-catalyzed stepwise oxidation under our reaction conditions.

![Tet2 generates fC and caC early and without a requirement for hmC accumulation. (A) Example traces for \[^14^C\]-mC Tet activity assay. DNA duplexes from Tet reactions were degraded and spiked with standards to delineate fractions containing each base. The fractions were then subjected to scintillation counting. Top: Chromatogram of nucleoside standards (10 μL of 10 μM each). Bottom: Corresponding LSC trace. (B) Time course of Tet2 (10 μg/mL) turnover of 500 nM \[^14^C\]-mCpG/CpG duplexed DNA showing total activity and fractions of each ox-mC at 1 and 20 min. (C) Titration of 75--4000 nM \[^14^C\]-mCpG/CpG with 5 μg/mL Tet2, reacted for 10 min. Total specific activity is plotted on the left *y*-axis (black bars) as mean and SD of duplicate experiments, along with fraction of each ox-mC base on the right *y*-axis.](ja-2015-10554j_0002){#fig2}

A closer examination revealed interesting features at both lower and higher substrate concentrations ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C). On the low end, when reacting 5 μg/mL (maximally 50 nM) Tet2 with as low as 75 nM substrate, activity was near maximal levels. The result suggests a *K*~M,DNA~ which is in the low nanomolar range; otherwise, a greater substrate dependence would be expected. Consistent with this observation, the TSA plateaus as the substrate concentration increases further. Notably, the increase in hmC at higher substrate concentrations appears limited relative to fC and caC. Thus, large amounts of fC and caC are formed even when mC is in vast and increasing excess of hmC and fC, respectively. For example, under these reaction conditions with 2000 nM substrate, Tet2 generates approximately 25 nM hmC, 8 nM fC, and 6 nM caC. These observations suggest one of two (non-exclusive) possibilities: a sequential oxidation model where mC, hmC, and fC substrates have substantially different *k*~cat~ and *K*~M~ values, or an iterative model where Tet2 remains bound to DNA in proximity to the reactive site to establish more highly oxidized bases.

To differentiate between models for how Tet2 establishes ox-mCs, we drew on techniques used previously to examine substrate channeling of metabolites between enzymes.^[@ref21]^ In several metabolic pathways, the product of one reaction is directly fed to the next enzyme without diffusion into bulk solution. Distinct isotopic labels on substrates and products can be used to confirm this molecular hand-off. Given the analogy to the possible models for Tet activity, we set up an isotope-based competition assay that relies upon measuring the isotopic composition of fC and caC produced from \[^13^C^2^H~3~\]-mC (heavy; \*mC) substrates mixed with natural-isotope hmC-containing substrates (light; [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). In the sequential oxidation model, if Tet2 releases the heavy hmC-containing duplex (\*hmC) formed from \*mC, the isotope will be diluted by the light hmC-containing substrate. Thus, the fraction of downstream heavy fC and caC (\*fC and \*caC, respectively) products can be no greater than the simultaneous fraction of \*hmC/hmC as measured by LC-MS/MS. However, with the iterative oxidation model, if the \*hmC product frequently remains bound to Tet2, then the downstream heavy products could be at a higher ratio. At an extreme, if iterative oxidation is highly efficient, we would expect the ratio of \*fC/fC and \*caC/caC to reflect the initial \*mC/hmC ratios.

For our isotope dilution experiment, we enzymatically generated heavy *S*-adenosyl-[l]{.smallcaps}-methionine (SAM).^[@ref22]^ Following our protocol for generating radiolabeled substrate, we analogously prepared a 27-nt duplex containing a single heavy \*mC opposite an unreactive CpG ([Figure S1A](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b10554/suppl_file/ja5b10554_si_001.pdf)). We also prepared duplexes containing light CpG, mCpG, or hmCpG opposite an unreactive CpG. We reacted 5 μg/mL Tet2 with 100 nM of total duplex DNA containing various mixtures of the \*mC duplex with light C, mC, or hmC duplex for 10 min. Reaction products were purified and degraded to nucleosides, and the heavy/light nucleoside ratios were determined with high-precision nano-LC-MS/MS ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b10554/suppl_file/ja5b10554_si_001.pdf)).

![fC and caC are formed from iterative oxidation of mC without release of hmC. (A) Iterative versus sequential oxidation models. Tet2 is shown in green, heavy substrates as filled circles, and light as open circles with dotted lines. Tet2 complexed with heavy \*mC-containing DNA can directly proceed to heavy fC and caC by iterative oxidation. In sequential oxidation, release of heavy hmC would result in mixing in solution with light hmC, generating predominantly light fC and caC. (B) 5 μg/mL Tet2 was incubated for 10 min with heavy \*mCpG-containing duplexes mixed in a 3:1 ratio with light CpG-, mCpG-, or hmCpG-containing duplexes (100 nM total). Shown is the fraction of heavy isotope for each modification, as analyzed by LC-MS/MS. (C) Under similar conditions, Tet2 was incubated with varying ratios of \*mC-containing DNA to light hmC-containing DNA. Shown is the heavy fraction of products, compared to the heavy fraction of substrate. The mean and SD are shown from triplicate experiments.](ja-2015-10554j_0003){#fig3}

As a control, reacting \*mC-containing substrate in a 3:1 ratio with non-reactive, unmodified CpG duplex gave \>95% yield of heavy \*hmC, \*fC, and \*caC, consistent with the isotopic labeling ratio of the \*mC ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B), and, as expected, no light or heavy ox-mC products were detected in the absence of Tet2. When Tet2 was reacted with a 3:1 mixture of the heavy \*mC- and light mC-containing substrates, the heavy:light ratios of hmC, fC, and caC were all approximately 3:1, suggesting the absence of any dominant isotope effects. Strikingly, when the \*mC-containing substrate was mixed 3:1 with light hmC-containing duplex, the ratios of heavy:light fC and caC were both ∼3:1. The accumulation of heavy \*fC and \*caC is most consistent with the iterative oxidation model, where \*mC can be converted to higher ox-mCs without obligate release and dilution of the \*hmC intermediate.

To determine the extent to which iterative oxidation was occurring, we varied the ratio of heavy \*mC to light hmC substrates and quantified the isotopic composition of the resulting products ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C). Across the 1:1, 3:1, 9:1, and 23:1 ratios evaluated, heavy \*hmC is generated. However, while \*hmC never exceeded light hmC, \*fC/fC and \*caC/caC ratios were always in great excess of \*hmC/hmC. Indeed, these ratios increasingly approach the initial \*mC/hmC mixture, consistent with a dominant role for iterative oxidation in establishing the higher ox-mC products. When viewed alongside the \[^14^C\] experiments, these results also suggest that fC and caC generation under low-turnover conditions was a consequence of iterative activity, as opposed to significantly increased catalytic activity of Tet2 on hmC- or fC-containing duplexes.

In all of the above experiments, we examined duplexes with a single reactive substrate and a non-reactive opposite strand (unmodified CpG). Given the implications for maintenance of the extended epigenome, we next exploited our assays to examine the effects of opposite strand modifications on Tet2 reactivity. Utilizing our \[^14^C\]-mCpG assay, which cleanly reports on oxidation of the labeled strand only, we hybridized our original 27-mer \[^14^C\]-mCpG strand with complementary strands containing non-radioactive CpG, mCpG, hmCpG, fCpG, or caCpG. We then reacted 75 nM of each duplex with 5 μg/mL Tet2 for 10 min, purified, digested, and analyzed using HPLC and LSC as before. Across the substrates, we found that the TSAs for each reaction were very similar, with the largest difference occurring between the opposite strands fC and C, which differ only by a factor of 2 ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). Given the analogy to *de novo* DNMTs, which show minimal differences based on the methylation status of the opposite strand CpG, we suggest that Tet2 is therefore best classified as a *de novo* mC dioxygenase. Moreover, we note that the relative amounts of hmC, fC, and caC formed were very similar regardless of the identity of the opposite strand CpG ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). Thus, not only is overall activity largely unaffected, but stalling or iterative oxidation to generate the various ox-mCs is not dictated by the opposite strand CpG.

![Tet2 is a *de novo* methylcytosine oxygenase: 75 nM \[^14^C\]-mCpG was duplexed to an unlabeled strand containing either CpG, mCpG, hmCpG, fCpG, or caCpG and then reacted with 5 μg/mL Tet2 for 10 min. TSA and the fraction of each ox-mC were measured by HPLC-LSC. Shown are the mean and SD from duplicate experiments.](ja-2015-10554j_0004){#fig4}

Our results provide insight into how Tet2 helps *establish* the extended epigenome. We show that Tet2 can catalyze multiple ox-mC modifications in a single enzyme-substrate encounter, following the iterative oxidation model. Iterative oxidation helps to explain how fC and caC can be established in genomic DNA despite the relative abundance of mC over hmC or fC. Further, it has implications for the role of ox-mC's either as independent marks or in active DNA demethylation. The fact that Tet2 can iteratively convert a single CpG to fC or caC means that these independent roles can be accessed without an obligatory stable, functional existence as hmC. Additionally, mC bases can be primed for demethylation by iterative oxidation to fC/caC, and this need not occur only at sites that first stably exist as hmC.

As noted earlier, in genomic DNA, hmC is far more prevalent than fC and caC.^[@ref4]−[@ref7]^ Our results indicate that fC and caC, when generated, can derive from a single encounter between Tet2 and mC; however, the result does not resolve the questions of how or why stalling at hmC is frequently seen *in vivo*, rather than progression to fC and caC. It is feasible that altering the Tet2-DNA encounter lifetime or chromatin accessibility mediates the accumulation of hmC in cells. The extent of iterative oxidation could also be influenced by levels of metabolites such as α-ketoglutarate, interactions with partner proteins, or the non-catalytic domains of Tet2, which could modulate or inhibit activity.

Our results also shed light on possible mechanisms by which ox-mCs are *maintained* in the extended epigenome. We show that CpG modifications on one strand neither impact overall Tet2 activity on the opposite strand nor skew the progression through stepwise oxidation. Thus, Tet2 appears capable of establishing oxidative marks wherever substrates are available, implying that all the permutations of CpG states are biochemically feasible members of the epigenetic repertoire. Notably, while the stable mapping of ox-mCs in various cell types implies maintenance,^[@ref10]−[@ref14]^ our data suggest that substrate preferences intrinsic to Tet2 do not offer a mechanism for such maintenance. Our results imply that alternative cellular factors or the coordinated activity of different Tet isoforms is more likely to be involved in restoring specific ox-mC marks at a given CpG after cellular division. Indeed, we anticipate that further studies on the mechanisms by which Tet enzymes target specific CpGs, regulate iterative oxidation, and coordinate with each other will shed additional light into the generation, maintenance, and functional roles of the extended epigenome.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/jacs.5b10554](http://pubs.acs.org/doi/abs/10.1021/jacs.5b10554).Experimental protocols, optimized reaction conditions, experimental schemes, and representative data ([PDF](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b10554/suppl_file/ja5b10554_si_001.pdf))
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